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Introduction
With DS-CDMA chosen as the air interface for the next generation of wireless communication networks, the intention is to support as many users as possible operating at very high data rates in the presence of severe channel distortion effects. In these systems, the multiple users transmit asynchronously, overlapping in both time and frequency resulting therefore, in multiple-access interference (MAI) , which eventually limits the system performance [1] [2] [3] [4] . The presence of multipath propagation effects not only increases the MAI by introducing extra interfering paths, but also distorts the desired signal component (frequency-selective fading). However, a well designed DS-CDMA system may exploit: the multipath channel by recombining the multipath rays in a positive way, thereby combating the multipath fading effects; and the highly structured signal format of the MAI to provide MAI cancellation, thus significantly improving the system's overall performance. For this exploitation to be effective, channel parameters (such as multipath delays etc.) need to be estimated prior to the subsequent data symbol detection. Subspace-type techniques were derived for direction-finding array systems [5] and may be considered as a powerful type of parameter estimation methods. In [6, 7] these techniques were employed for single-antenna frequency-selective fading channel estimation, outperforming the conventional correlation channel estimation methods [8] . Signal-subspace techniques are superresolution-type techniques and subsequently have performance that is independent of the input signal-to-noise-plus-interference ratio and, therefore, provide 'near-far' resistance. Recently, these techniques have been employed in DS-CDMA systems using antenna arrays to handle multipath channels, e.g. [9, 10] . In [10] , a reduceddimension space-time RAKE receiver for DS-CDMA channels has been proposed, where a joint estimation procedure of the delays and directions-of-arrival (DOA) of the dominant paths is developed based on the estimated space-time channel response vector, of the desired user. Their proposed approach is a subspace-type approach employing the two-dimensional unitary ESPRIT algorithm as the estimator of the delays and DOAs, jointly. However, this approach restricts the multipath delay spread to be a fraction of the data symbol period, so that the RAKE fingers can be roughly located. It has been argued that joint spatiotemporal reception/processing is a breakthrough approach for future generations of wireless communications [8, 11, 12] and the estimation of the spatiotemporal channel parameters is central to the research work presented in this paper. However, in contrast to the previous approaches, the only assumption made in formulating the channel estimator proposed in this paper is that the whole set of space-time channel parameters is stationary during one coherence time of the channel.
Signal modelling
In an M-user asynchronous DS-CDMA system, the ith user's baseband transmitted signal may be written as
The where {a i [n], 8nAN } is the ith user's data symbol sequence, T cs is the data symbol period and c PN,i (t) is one period of the pseudorandom spreading waveform associated with the ith user, which is modelled as
In (2) {a i [k]A71,0rkrN c À1} represents the ith user's PN sequence of period N c ¼ T cs /T c and c 1 (t) denotes the chip pulse shaping waveform of duration T c .
Assume that an array of N antennas is used at the base station and the transmitted signal of the ith user arrives at the base station via K i paths, 8i ¼ 1,y, M. Consider that the jth path of the ith user arrives at the array from (azimuth, elevation) direction (y ij , j ij ) with channel propagation parameters b ij and t ij representing the complex path gain and path delay, respectively. Let S ij 9Sðy ij ; j ij Þ denote the array manifold vector (array response) associated with the jth path of the ith user, which has the form
where r k is a 3 Â 1 real vector with elements the positions of kth antenna element (in half wavelengths) and k ij is the wavenumber vector pointing towards the direction (y ij , j ij ) given by the expression
Without loss of generality, j ij ¼ 01 is assumed in this paper. Based on the above description, the received complex baseband signal vector at the antenna array can be represented as
where n(t) is a complex white Gaussian noise vector with covariance matrix s 2 I N and
The N-dimensional received array signal vector x(t) is sampled at chip rate and then passed through a bank of N tapped-delay lines (TDL) each of length 2N c . This is to ensure that one whole data symbol of the desired user and the corresponding multipath components are captured within this 2N c interval, when the multipath delay spread of the channel is less than one data symbol period. Upon concatenating the outputs of the TDLs, the 2NN cdimensional discretised signal vector is thus formed as
ð5Þ where x k [n] represents the contents of the TDL at the kth antenna associated with the nth data-symbol period. Note that, owing to the lack of synchronisation, the tapped-delay lines contain contributions from not only the current but also the previous and next symbols.
To model such contributions and thus to further model the received signal vector x[n], the array manifold vector S(y ij ), given by (3) , is expanded to the vector
which is defined as the spatiotemporal array (STAR) manifold vector for the jth path of the ith user. In (6),
is the discretised path delay with J n being the roundup-to-integer operator and the vector c i is defined as
representing one period of the PN sequence of the ith user padded with zeros to a length of 2N c . This corresponds to a zero path delay situation. The matrix J is a 2N c Â 2N c matrix defined as follows:
having the property that every time the matrix J (or J Using the STAR manifold vector, x[n] can be rewritten in a compact format as
where n½n 2 C 2N c N Â1 is the sampled noise vector and, for the ith user, the matrix H i 2 C 2N c N ÂK i has as columns the spatiotemporal manifold vectors h ij , 8j ¼ 1,y,K i , while H i,prev and H i,next are expressed as functions of H i as follows:
and contain the contributions of the previous and next data symbols. The array received signal-vector modelled by (9) can be decoupled into four terms representing the desired, ISI, MAI and noise terms, as follows (assuming that user 1 is the desired user):
where
In Section 3, by exploiting the above modelling, a novel spatiotemporal array (STAR) CDMA channel-estimation approach is proposed.
Spatiotemporal-array (STAR) channel estimation
Define the (2N c Â 2N c ) Fourier transform matrix F:
The overall transformation proposed for use in this paper is
or; equivalently;
which is related to the desired user (user 1). Note that c 1 is the PN sequence of the desired user padded with zeros to a length of 2N c . The proposed transformation Z 1 will directly affect the matrix H i ¼ ½h i1 ; h i2 ; Á Á Á ; h iK i . If this transformation is applied to the manifold vector h ij then it can easily be proven that
It is now obvious that, if and only if i ¼ 1 (i.e. only for the desired user), (14) can be simplified to Sðy 1j Þ / l 1j . We call the vector Sðy 1j Þ / l 1j the 'transformed-STAR manifold vector' associated with the jth path of the desired user, i.e.
F) is a 'STAR preprocessor' associated with the desired (first) user. Applying the pre-processor Z 1 to the signal x[n] given by (10), we have
where H H 1 is a matrix with columns the transformed STAR manifold vectors of the desired user, i.e.
having a Vandermode structure. Note that the preprocessor Z 1 is a function of the PN sequence of the desired user, which is known to the receiver, with Z 1 Z [n] ). This surface is the transformed 'STAR manifold surface of the desired user' and does not include any contribution from the ISI or MAI-transformed manifold vectors (which are described by different equations). However, from the first term of (15)
n] to the 'overall signal subspace' will be a subspace (desired-signal subspace) of only one dimension. To restore the dimensionality of this 'desired' subspace to K 1 , the Vandermode structure of the submatrices of H H 1 must be exploited. This is achieved by employing 'temporal smoothing'. This approach is similar to spatial smoothing proposed in [13] , but use it to extract a set of Q subvectors of length d at each antenna with the extraction procedure illustrated in Fig. 1 . Note that all the corresponding subvectors from the N antenna elements are concatenated to form Q space-time subvectors of length dN where do2N c .
It is straightforward to prove, based on the desired signal components in the (q+1)th and the qth subvectors of z 1 [n] , that the following important relationship is valid between the associated submatrices H H where
In (17), q ¼ 1 is used to represent the transformed STAR manifold matrix (given by (16)) including the 'temporalsmoothing' operation, i.e.
H H Based on (17), it can be proved in a similar fashion to the spatial smoothing algorithm [3] , that the signal subspace spanned by the columns of H H ðqÞ 1 is contained within the 'overall signal subspace' of the temporally smoothed covariance matrix R smooth,dN , which is formed as follows:
with R z1q representing the covariance matrix of the qth subvector z 1q ½n of z 1 [n], formed over a frame of L w data symbols (with this frame length smaller than the coherence time of the channel). The dimensionality of the desired signal component in the transformed domain is restored to K 1 , provided that QZK 1 . However, although its dimensionality has been restored, the desired signal subspace cannot be distinguished (without using the 'manifold surface') from the 'overall signal-subspace', which includes also the contributions from the ISI and MAI terms. Indeed taking into account the 'temporal-smoothing' operation, this manifold surface is described by fSðyÞ / d ; ð8jÞ also belong to the 'overall signal subspace' of R smooth,dN . Therefore, the intersection of the manifold surface with the 'overall signalsubspace' of R smooth,dN will provide only the desired signal components. Based on the above discussion and using the transformed STAR manifold vectors, the following twodimensional MUSIC-type cost function can been constructed to search this manifold surface for every DOA y and every delay l over their parameter space O:
In (19), E n is the matrix with columns the generalised noise eigenvectors of (R smooth,dN , M), with M denoting the diagonal matrix which is the smoothed version of the known matrix Z 1 Z H 1 (due to the noise term in (15)). The peaks of x star (y, l) provide the values of (y 1j , l 1j ) for j ¼ 1,y, K 1 associated with the spatiotemporal manifold vector of the desired user. Consequently, the matrix H H 1 and, therefore, the channel matrix H H 1 can be determined. Note that the proposed algorithm has the potential to resolve multipath rays of the desired user arriving from the same direction (codirectional paths) because the two paths will have two linearly independent spatiotemporal manifold vectors. If there are multipath rays that are arriving at the same time (travelling exactly the same distance) with different directions of arrival and the array is a uniform linear array, then by overlaying a spatial smoothing procedure on top of the proposed joint direction-ofarrival-time of arrival (DOA-TOA) estimator, the co-delay rays can also be resolved. The selection of parameters d and Q is related to the number of coherent paths to be identified and the resolution performance. Normally, the longer the subvector, the better the estimate, so d should be made as large as possible. However, d and Q must fulfil the condition that d þ Q À 1 2N c .
Family of STAR receivers: a representative example
In Section 3 a novel antenna array CDMA channel estimation procedure has been proposed which, in this Section, is incorporated as an integral part of a receiver, the structure of which is shown in Fig. 2 . This receiver provides (asymptotically) complete cancellation of both ISI and MAI effects and consequently, detects the data sequence {a 1 [n]}, based on the estimated spatiotemporal manifold vectors of all paths associated with the desired user. Once the spatiotemporal parameters of the multipath rays have been identified, the path coefficient vector b 1 can be estimated using, for instance, the procedures described in [8] and [12] .
The receiver, over an observation interval of L w data symbols, initially estimates jointly the channel parameters (y 1j , l 1j ),8j, and then forms a weight vector w 1 which is a 
despreading and, at the same time, isolating the desired signal by removing the unwanted interference effects associated with the second and third terms of the righthand side of (10), and coherently recombining the multipath components of the desired signal.
Then, the nth data symbol of the first (desired) user is easily detected assuming the following simple decision rule/device:
A representative example of such a weight vector is given as follows:
where k 1 is a normalising factor such that 77w 1 77 ¼ 1.
In (21) P n represents the projection-operator matrix onto the subspace spanned by the noise eigenvectors of the noiseplus-MAI/ISI matrix R n+MAI/ISI associated with the last three terms of the right-hand side of (10) and defined as follows:
Then, it can easily be proved that this weight vector, associated with the desired signal, is orthogonal to the interference subspace containing the contributions of the vectors I ISI [n] and I MAI [n] . Using the weight vector of (21), the decision variable (at point C in Fig. 4 ) for the nth data symbol can be estimated as
Note that the power of the noise term n 1 ½n ¼ w H 1 n½n is equal to s 2 , while the amount of interference passed to the receiver output is determined by the angle between the subspace spanned by the actual MAI/ISI and the estimated noise subspace ofR R nþMAI=ISI .
Simulations
To evaluate the performance of the proposed approach consider a linear array of five antennas operating in the presence of multipath effects from a number of CDMA users with each user assigned a unique Gold sequence of length 31. Initially, it is assumed that the array operates in the presence of three users (including the desired user) plus noise. Table 1 provides the unknown channel parameters. It is clear from Table 1 that the desired user has 10 multipath rays, with the fourth path having one co-delay path (10T c ) and one co-directional path (201). To handle the co-delay rays, the array is partitioned into two overlapping subarrays (spatial smoothing [13] ), with each subarray having four antennas while 10 subvectors of length 51 (i.e. Q ¼ 10, d ¼ 51) are used at each antenna for temporal smoothing. The input signal-to-noise ratio associated with the desired user is assumed equal to 20 dB. The space-time parameters of the two additional users are also given in Table 1 .
From Table 1 it can also be seen that 20 log 10 jjb 1 jj jjb i jj ¼ À20dB; for i ¼ 2; 3 which implies that the interfering signals from the second and third users are much stronger than the received desired signal (near-far problem). Figure 3 illustrates the STAR-channel-parameter estimation with the array operating in the presence of the previously described environment over an observation interval of 200 data symbols. It is clear from Fig. 3 that the two-dimensional MUSIC-type spectrum provides the correct directions and time-delays of the 10 multipath rays even in the case of co-delayed and co-directional paths. Table 2 gives the estimated output SNIR of the proposed receiver (point C in Fig. 2 ) as well as of the decorrelating multiuser and RAKE receivers all operating under the conditions described above. It is clear from Table 2 that the proposed receiver has performance about 3 dB below that of the decorrelating receiver and outperforms the twodimensional space-time RAKE receiver. This conclusion is further reinforced by adding more users to the array environment, with each additional user having three paths randomly generated and power 10 dB higher than the power of the desired user. (The TOA and DOA parameters of the MAIs are uniformly distributed over 0T c B20T c and 01B1201, respectively.) The results, over 100 runs, are shown in Fig. 4 while the decison variables (point C of Fig. 2 ) are also plotted for one of these runs with M ¼ 10 (Fig. 5) . In these Figures, the results of the decorrelating and two-dimensional space-time RAKE receivers are also shown for comparison. Note that the decorrelating receiver is a multiuser receiver requiring knowledge of the channel parameters of all users in advance. Similar conclusions can be drawn from Fig. 6 , which shows the performance of the different receivers as a Table 1 ) for an array of five antennas operating in the presence of three CDMA users function of the input signal-to-noise-ratio for fixed number of users (M ¼ 10). Overall, it has been observed through simulations that the proposed receiver achieves, asymptotically (infinite observation interval) and blindly, the same performance as the space-time decorrelating receiver. Finally, it is clear from the previous Sections and the above simulation results that the number of identifiable paths is not limited by the number of antennas or MAI interference. Thus, it is possible to use the proposed STAR approach ever in a mobile unit, where the physical size limits the number of antennas to be used to no more than two or three. This characteristic (demonstrated in Fig. 7 for a two-antenna array) makes the proposed structure attractive not only for the uplink, but also for the downlink of a W-CDMA system where the processing gain is sufficiently high.
Conclusions
This paper has presented a joint space-time multipath channel estimator for frequency-selective DS-CDMA channels. The proposed estimation algorithm is a subspace-type technique and, owing to the degrees of freedom provided by this space-time structure, the number of identifiable paths is no longer limited by the number of antennas, and the multipath rays that overlay in time or in space can also be identified. (Table 1) as the desired user, for an array of two antennas operating in the presence of three CDMA users
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